[1] We present a coherent treatment, based on linear kinetic theory, of stochastic radiative transfer in an atmosphere containing clouds. A brief summary of statistical cloud radiation models is included. We explore the sensitivities inherent in the stochastic approach by using a well-known plane-parallel model developed by Fouquart and Bonnel together with our own stochastic model which generalizes earlier work of F. Malvagi, R. N. Byrne, G. C. Pomraning, and R. C. J. Somerville. In overcast conditions, in comparison to the plane parallel model, the stochastic model underestimates transmittance at small optical depths (<7) and overestimates transmittance at large optical depths. The stochastic model is strongly sensitive to cloud optical properties, including cloud water content and cloud droplet effective radius. The extension of the stochastic approach to an atmospheric general circulation model parameterization appears to be most appropriate for cloud fraction ranging from 25 to 70%. We conclude that stochastic theory holds substantial promise as a modeling approach for calculating shortwave radiative transfer through partially cloudy fields. Unlike cloud-resolving models and Monte Carlo cloud models, stochastic cloud models do not depend on specific realizations of the cloud field. Instead, they calculate the transfer of radiation through a cloudy atmosphere whose properties are known statistically in the form of probability density functions characterizing cloud geometry and cloud optical properties. The advantage of the stochastic approach is its theoretical generality and its potential for representing a complex cloud field realistically at modest computational cost.
Introduction
[2] Inhomogeneities in actual clouds occur over many scales [Lovejoy and Schertzer, 1990; Davis et al., 1999] ranging from the molecular scale to mesoscale systems. In general, modern atmospheric general circulation models (AGCMs) do not include the macroscopic geometry of cloud size and spacing in the representation of the cloud field when the clouds are smaller than the size of a grid cell. The most common approximation of partial cloudiness is that of cloud fraction, which is a convenient, but nonphysical, way of describing the total horizontal cloud coverage. The last several decades have seen an increased awareness of a need for a robust theoretical description of radiative transfer through media with statistically characterized parameters [i.e., Stephens, 1984; Ramanathan et al., 1989; Stephens et al., 1991] . Stochastic theory is one approach toward realizing this goal.
[3] An overview of the literature on statistical radiative transfer was given by Stephens et al. [1991] . The subject was initially of interest for interpretation of remotely sensed images of reflected solar radiation. The application of this technique in nuclear physics and engineering is found in many places, including the work of Adams et al. [1989] .
[4] An earlier version of the present shortwave, stochastic model was used to demonstrate the importance of treating the fractional cloud problem with a statistical technique . The model used in our study, DSTOC, is a more generalized form of that proposed by Titov [1990] . DSTOC can accurately calculate the heating rates through a complex cloud layer using the macroscopic properties of the field, such as the cloud water content and cloud thickness, and a statistical description of the horizontal distribution of the clouds in the layer. Currently the model assumes the same statistics to describe the vertical and horizontal distribution of clouds. Evaluation of the stochastic model using observed cloud and radiation data is described by Lane et al. [2002] .
Theoretical Basis
[5] There are large variations in all phases of water in the atmosphere on very small scales. For certain scales, it is appropriate to represent clouds and clear sky as a mixture of two materials that do not interact with each other [Mullumaa and Nikolaev, 1972; Stephens et al., 1991] . In particular, when the changes in the optical properties of liquid water and water vapor occur on scales much larger than a photon mean free path in cloud, then cloud and clear sky may be treated as an immiscible binary mixture .
[6] For the cloud radiation problem, photons can be imagined as streaming through a clear sky filled with clouds where the cloudy and clear parcels of air do not mix. Stochastic theory, which is derived from linear kinetic theory, utilizes the statistics of a line. This does not indicate that the three-dimensional effects of clouds are ignored. The line under consideration is the path a photon travels. If the photon scatters in a different direction, then s is the total path along which the statistics (the distribution of each material along the path of the photon) are calculated. The variables describing the scattering properties of each material are considered random variables.
[7] There are two main approaches for applying the stochastic theory to the representation of photons flowing through a mixture of clouds and clear sky. The first is to determine the radiation field for each possible realization of a cloud field that could occur with statistically equivalent characteristics. After summing over the infinite number of possible physical scenes, the resulting radiation field would be robustly known. In an atmospheric general circulation model (AGCM) environment, this procedure is neither realistic nor economical. The second approach is to develop a statistical system of equations that describes the ensembleaveraged intensity resulting from the photon flow. This replaces the need to calculate an infinite number of specific photon trajectories, and average over them.
[8] The most basic form of this theory describes a ''nomemory'' situation where at each point in time the photon is not influenced by previous interactions (Markovian statistics). Recently, this theory has been modified to address the non-Markovian case [Levermore et al., 1987] . Since the ultimate intended use of this approach is as an AGCM parameterization where the computation time will be limited, the possible extension of the mixture to three or more components will be postponed. For this paper, the notation of Sanchez et al. [1993] will be used to describe the basic probabilities required in developing a paradigm for describing the theory of stochastic radiative transfer.
Statistics on a Line
[9] In the development of this application of stochastic radiative transfer theory, the fundamentals of statistics on a line must first be explored. Not only is this the mathematical basis for the development of the stochastic approach, but it is also provides us with a conceptual framework. The stochastic model described later in this article calculates what may happen to a photon as it travels from the top of the atmosphere to the surface. In traditional radiative transfer models only two situations are considered: the photon is either in a cloud or it is not. The stochastic description allows for two additional states where the photon is transitioning from cloud to clear sky or from clear sky to cloud. These transitions may be described by linear probability statistics.
[10] One comprehensive description of linear probability statistics is given by Sanchez et al. [1993] . This work is useful in understanding stochastic radiative transfer in that it provides a link between simple statistics on a line and the transition probabilities used in the stochastic shortwave model. In the notation of Sanchez and colleagues, the line of interest (the photon path for this application) is populated by a set {a} of M materials. They form a statistical set W = {w} where each w is one possible realization. If one imagines traveling along this line, the probability that the current segment being traversed is made of a particular material is described using probability densities. The probability densities p are normalized to unity.
[11] As this line is traversed several situations can occur, which are described symbolically below and are illustrated in Figure 1 . At a given position on the line, x, where there is a shift such that different materials lie to the right and left of x, is called a point of transition ( Figure 1a) . Following the notation of Sanchez et al. [1993] , a is one of the M possible materials in w, and (a) is any material in w except a.
[12] Throughout this discussion, the notation (x, y) 2 a, indicates that the segment (x, y) is in material a, but the points x and y are not (e.g., an open set). x is a point that is always to the left of y although the line can be traversed in either direction. Using these definitions, the incremental path that a photon travels can be described using interval probabilities and local probabilities: p a (x, y) is the probability for the interval (x, y) to be in a, p a(a) [x, y)dx is the probability of undergoing a transition a!(a) at x and have (x, y) 2 (a), p a(a) (x, y]dy is the probability of undergoing a transition a!(a) at y and have (x, y) 2 a, and p a(a)a [x, y] dy is the probability of undergoing a transition a!(a) at x and have (x, y) 2 (a) and undergoing a second transition from (a)!a at y. These probabilities are illustrated in Figures 1b-1e. Although both linear kinetic theory and stochastic theory are derived using multiple materials, the stochastic model described in this manuscript is confined to having just two materials, cloud and clear sky. Therefore the above set of probabilities can be written as p cld (x, y) is the probability for the interval (x, y) to be in cloud, p cld!clr [x, y) dx is the probability of undergoing a transition from cloudy to clear sky at position x where the open interval (x, y) is entirely made of clear sky, p cld!clr (x, y] dy is the probability of undergoing a transition from cloudy to clear sky at position y and have the entire interval (x, y) in cloud, and p cld!clr!cld [x, y] dy is the probability of undergoing a transition from cloud to clear sky at x and have the interval (x, y) be clear sky, then undergoing a second transition from clear sky to cloudy at y. In Figure 1 the gray segments (chord lengths) would therefore represent cloud and the black material, clear sky.
[13] Several relationships can be drawn using these probabilities. The likelihood that a given piece of the line (x, y) is in cloud, written p cld (x, y) is actually the sum of two probabilities: (1) the probability that the entire segment to the left of y is already cloudy and (2) the probability that a transition occurs from clear sky to cloud at some point to the left of y. If the transition occurs at position x then the probability density per unit length is expressed as p clr!cld [x, y) .
[14] In approximate models like the stochastic radiative transfer model, local probabilities are of particular interest. In the limit that jy-xj goes to 0, the local material-to-material transition densities can be expressed as p cld!clr (x). Conditional probabilities can be used to relate these local probabilities to the stochastic treatment of radiative transfer through a partially cloudy layer. For example, it is of interest to know that if at point x a transition is occurring from clear sky to cloud, the likelihood that as one continues traversing the line the following segment is made of cloud can be expressed as [Sanchez et al., 1993] 
Another way to state this is that the probability that when traversing the line from left to right there is a transition to the left of x and that (x, y) is in cloud is equivalent to the probability that position x is in cloud multiplied by the conditional probability that the segment (x, y) is in cloud given that there is a transition from clear sky to cloud at x,
There is a similar definition, Q cld (x, y], for when traversing the line in the opposite direction with a transition occurring at position y.
[15] To complete the relationship between line statistics and stochastic theory, it is also necessary to derive the related chord density distributions f cld [x, y] . Symbolically, these are conditional probability densities that express the likelihood that a particular length (chord) will be made of cloud if Q cld is known. When applied in the stochastic model, the physical geometry of the cloud field is described by these chord density distributions, indicating that a photon has a certain probability of traversing any of these horizontal cloudy segments when passing through the cloud field. The clear sky is described in a similar manner.
[16] In this approach to cloud radiation modeling, the statistics are homogeneous, meaning that it does not matter whether the line is traversed from left to right or vice versa. This also indicates that all probability quantities defined over the interval (x, y) depend only on the length d = y À x and all local probabilities are constant.
[17] Using this theoretical basis, the following situation can be described. As the photon travels from the top of the atmosphere to the surface at a given position, it will be in either cloud or clear sky. If the photon is in a cloud, the model will calculate the likelihood that at the next step in distance, the photon will transition to clear sky versus remaining in cloud. Similar calculations are made for photons in clear sky.
[18] All quantities of interest can now be determined from the chord length distribution f cld (d ), the local material probabilities p a and the local conditional transition probabilities. Because there are only two materials, cloud and clear sky, the transition probabilities will be equal to unity meaning that at a transition point a change must be made to the other material. With the initial condition that Q cld (0) = 1,
The local transition probabilities become
where is the average chord in cloudy material. This is the quantity that is input to the stochastic radiative transfer model described in section 3. In the literature, it is often written as g cld (x] = 1/l cld (x), and this notation will be used in this paper.
[19] For present purposes, only Markovian statistics, are discussed. These statistics can be expressed in terms of the conditional transition probabilities and the chord length distribution f cld,clr [x, y] . To do this, the line representing the photon path will be filled progressively with alternating segments of the two materials, cloud and clear sky. This situation is visualized conceptually in Figure 2a , where white indicates a cloudy segment of the path, and black indicates a section of clear sky. The segments for both cloud and clear sky are randomly selected from the chord length distribution shown in Figure 2b . For this situation, p clr (x) = 1 À p cld (x). To determine how to sample at point x, the local probabilities p cld (x) are used to determine which material is placed at this point, and then using the density of probability l cld À1 to find the next transition point.
[20] Markovian statistics are characterized as having chord distributions with exponential behavior and being defined in terms of the Chapman-Kolmogorov equations. The Chapman-Kolmogorov relation for homogeneous statistics can be written as
This term must be equal to zero, which leads to the result that
For homogeneous Markovian statistics, the chord length distribution can be represented as , where s denotes the path followed by the photon including directional changes, and i = 0, 1 indicates cloudy or clear sky, respectively.
Transport Equation
[21] The probabilities described above are now added to the radiative transfer equation. The time-dependent, monoenergetic, conservative-scattering shortwave radiative transfer equation is written as follows:
where W is the direction of travel, r is the position vector, s is the macroscopic total cross section, s s is the macroscopic scattering cross section, f(W Á W 0 ) is the single-scatter angular redistribution function, I is the specific intensity of radiation, and c is the speed of light. The single-scatter angular redistribution function indicates the likelihood of scattering to direction W from W 0 . I(r, W) is defined such that IdrdW is the number of particles in drdW at time t.
[22] This relationship may be ensemble averaged to yield two coupled formally exact transport equations that can be derived to describe particle flow in a binary statistical mixture [Titov, 1990; Pomraning, 1997] . They are written below (with t and r dependencies dropped):
where c i is the characteristic function that indicates whether there is cloud or clear sky (material i or j) at position r. The probability of finding material i at position r and time t is p i (r, t) = hc i (r, t)i. " I i and I i are conditional ensembleaveraged intensities which are governed by whether position r is in material i, and whether r is an interface between clear and cloudy sky. Each material must have a specific set of properties, written as [s i , s si , f i , S i ] where i = 0 for clouds and i = 1 for clear sky, which will be considered as discrete random variables. As the photon moves along a path it encounters alternating segments of cloud and clear sky.
[23] The angular dependence (W) of the transition lengths (l) can be used to introduce directionally dependent cloud size and spacing. For an ensemble of scenes (clear sky with clouds), l is the probability distribution function of a material along a given path. The stochastic model characterizes clouds as ellipses using g ¼ D H where H is the vertical dimension and D is the horizontal dimension . The chord density distribution is then represented as
where m is the cosine of the polar angle between the z axis and direction W. The volume fraction of cloud is then defined as p clr = 1 À p cld . It is important to note that cloudy and clear sky can have different statistics, although this option is not currently employed in the model.
[24] For spherical clouds the transition probabilities become independent of the direction W. Also, the Markovian model can be completely described by the independent parameters p i and l i . These two quantities must be specified to calculate radiative transfer in the layer.
[25] In principle, all quantities are dependent on the three spatial coordinates of x, y and z. However, for these calculations the restricted problem of three-dimensional clouds embedded in a planar layer is considered. This limits the clouds to a single characteristic horizontal dimension along both x and y directions. Furthermore, if the physical properties of the two materials are assumed to be constant in the horizontal dimension for each cell the solutions " I i and I i are assumed to be independent of x and y. This means that the direction W is only defined by m and the azimuthal angle j. This conveniently allows integration over j in order to obtain a planar radiative transfer equation:
where
The last two coupling terms on the right hand side of equation 13 represent the conditional probabilities describing photons transitioning from one material to the other. This one-dimensional equation accounts for the threedimensional cloud geometry under assumed horizontal invariance of the chord material.
[26] There is no general exact mathematical solution for the stochastic transport problem. However, there are numerous approximations [Pomraning, 1997] . An entire subset of solutions and closures has been developed for climate research that addresses the highly idealized situation of a binary mixture of clouds and clear sky . In the present simulations the simplest form of the closure is employed, which is reasonable for most scales.
Model Formulation
[27] The stochastic model [Byrne et al., 1996] is comprised of a spectral radiative transfer model and a model atmosphere. The spectral model is a band model based on the exponential sum fitting scheme of Wiscombe and Evans [1977] . A discrete ordinate method is used with an approximate iterative technique to solve the radiative transfer equation. Only isotropic scattering is considered. Detailed information about the characteristic geometry and physical properties of the cloud field and the clear sky is ingested. The output of the stochastic model is the ensemble-averaged radiative components at each atmospheric layer for each band, in addition to path length information for clear and cloudy sky. The path length information is of interest to experimentalists who observationally determine photon path length and the relationship to cloud optical depth [Min and Harrison, 1999] , as well as the relationship of path length to absorption [Daniel et al., 1999] .
Atmospheric Characteristics
[28] In order to calculate the radiative transfer in a realistic atmosphere, the model is initialized with profiles of pressure, temperature, moisture, carbon dioxide and ozone. For the following sensitivity studies, the profiles are taken from McClatchey et al. [1972] climatological values for midlatitude summer (Figure 3) . The model atmosphere is divided into 32 layers, with a reflective surface. The model is applied to an area of approximately 250 km by 250 km, similar to the area of an AGCM grid cell.
[29] For a cloudless layer, the gaseous volume absorption coefficient is determined as a function of the absorption coefficient and the optical path. The optical paths are calculated based on absorber concentrations, taken from the atmospheric profiles, and then scaled by pressure and temperature, independent of wavelength [Kneizys et al., 1988] . The volume scattering coefficient is given by b sca clear = Ns sca where s sca is the scattering cross section and N is the total number of air molecules per unit volume.
[30] The effect of cloudiness is parameterized in terms of cloud water content. The characteristic scale of the clouds, both horizontal and vertical, is also specified as input. The cloud thickness, the cloud water path and the cloud fraction are used to calculate cloud water content (CWC). If the cloud fills at least half of the model layer, the layer is considered cloudy, and the cloud fraction is used along with the cloud dimensions to give a volume fraction occupied by condensate.
[31] For water clouds, the distribution of cloud droplets follows a modified gamma distribution function of the form,
where b = 0.1 represents the variance of the distribution about r e [Ackerman and Stephens, 1987] . From this information, the volume extinction (b ext ) and absorption (b abs ) coefficients can be approximated by
and m im is the imaginary part of the refractive index. Ice clouds are not considered in these simulations.
Radiative Transfer Module
[32] The shortwave band model is a medium-resolution model with 38 bands (Figure 4) . The extinction processes include gaseous absorption, cloud scattering and absorption and Rayleigh scattering [Shi, 1992] . The input parameters Figure 3 . Standard atmospheric profiles of (a) ozone, (b) water vapor, (c) temperature, and (d) density as described by McClatchey et al. [1972] . In these simulations the climatological values for midlatitude summer were employed.
for the radiative transfer calculations are the optical depth, single scattering albedo and the asymmetry parameter for each subinterval and each atmospheric layer. The optical depth of a layer is defined as the extinction coefficient multiplied by the thickness of the layer. The singlescattering albedo is expressed as the ratio of the scattering to the extinction. The asymmetry parameter for spherical cloud droplets is fit with a regression, 4c eff m im , which is a continuous function of wavelength and effective radius c eff ¼
where c eff is the effective size parameter [Smith and Shi, 1995] . Using this regression the asymmetry parameter can be expressed as a nonlinear polynomial
with the coefficients of a 1 = 0.858092431749, a 2 = À0.131213669100 Â 10 À3 , a 3 = 0.777674540789 Â 10 À2 , a 4 = 0.319546605618 Â 10 À2 , and a 5 = 0.304210434786 Â 10 À3 for water clouds. This fit is appropriate for a range of 4c eff m im between 10 À4 and 10 2 .
[33] DSTOC's bands range in wave number from 2500 cm À1 to 50,000 cm À1 in unequally spaced intervals. Gaseous absorption is calculated by band; each one has two possible absorbers. The two most important absorbers are water vapor and ozone. Carbon dioxide and molecular oxygen are included as well. In bands where CO 2 or O 2 is active, the band intervals are chosen between the boundaries of the active absorber region. The band passes for all spectral intervals and the active absorbers are given by Smith and Shi [1995] .
[34] The effective absorption cross section k i and the absorption coefficient a i for each absorbing gas [Goody and Yung, 1989] [Shi, 1992] .) [35] Each band is divided into subbands for which the values of the opacity, k, are similar. For each subband, a weight is determined for the average k, taken as the middle of the subband. The bands are assumed to be small enough that the solar input, the droplet interaction, and the surface albedo are nearly constant across the band, so that the only change in any subband is due to the variation of the opacity. Each absorber has a unique variation in opacity that is nearly uncorrelated with the other absorbers. The subbands are fixed such that the weights and opacities must be determined for nonideal subbands.
[36] For these simulations, DSTOC has been updated with a modern CO 2 concentration, an accurate solar constant for calculations in the year 1998, and more internally consistent atmospheric characteristics. The model was also modified to specify multiple cloud layers that have different characteristics, both in terms of cloud field geometry and cloud microphysical properties. In this way, the situation of cumulus or stratocumulus clouds under cirrus clouds, which occurs often in nature, can be simulated.
[37] The current formulation of the stochastic model, while more computationally efficient than a detailed approach like Monte Carlo modeling, is not efficient enough to be considered directly as an AGCM parameterization. Instead off-line calculations with the stochastic model would serve as the basis of a parameterization. For example, when model results are evaluated using observations and the plane-parallel technique [Lane et al., 2002] a look-up table or curve fit may be constructed to provide corrections to a conventional shortwave radiative transfer parameterization. Currently, the amount of time required to run one simulation depends directly on the amount of liquid water present in the cloud field.
Stochastic Nature of the Model
[38] ''The goal of any statistical model of cloud radiation interaction is to obtain a relatively simple and accurate set of equations for the ensemble-averaged intensity'' . The fundamental equations for the present model are expressed as equations 13-16 in section 2. Nonstochastic boundary conditions are assigned that correspond to an isotropic intensity that is incident on a planar system at z = 0. The radiation incident at the top of the atmosphere is not considered to be stochastic. The stochastic nature of the problem enters through the description of the partially cloudy atmosphere as described above. Alternating cloudy and clear segments along the photon path are randomly selected from predetermined Markovian probability distributions that describe the horizontal scales of the populations of cloud and clear sky. The clouds do not possess internal variability.
[39] The simple closure, " I i = I i , is employed, which assumes that the radiation field and the underlying geometry can be described as a Markovian process. The closure is exact for the case of no photon scattering, but has been shown to be a quite good and robust approximation for scattering with Markovian statistics [Adams et al., 1989] at most scales, differing from the exact solution by no more than 10%. In most cases, the solution with this simple closure slightly overestimates the transmission .
[40] A standard discrete ordinate technique is used to solve the resulting differential equations [Byrne et al., 1996] . The solver uses an approximate iterative technique, which calculates on a mesh that is small relative to a photon path length. The model solution is the intensity averaged over an ensemble of cloudy scenes with equivalent statistics. The intensity is also averaged over horizontal variations. The result is not specific to a single small area or to only the cloudy portion of an area, but represents the domain-averaged radiation field in the grid cell.
Application of the Stochastic Approach
[41] Several different studies have investigated the stochastic approach to representing clouds in a clear sky. Before exploring the sensitivities inherent in DSTOC it is useful to understand the evolution of the stochastic cloud model. Mullumaa and Nikolaev [1972] made a careful study with spectral methods to relate the cloud variability to the statistical properties of the radiation field. The clouds were assumed to be internally uniform. The authors used plane-parallel clouds with a Gaussianmodulated upper boundary to investigate cumulus and stratiform clouds. Ronholm et al. [1980] demonstrated that small vertical fluctuations in average optical properties enhance the transmitted radiation through planeparallel clouds, and reduce the reflection and absorption. The authors used a modified Gaussian probability density function to distribute the single-scattering albedo, optical depth and asymmetry parameter. Stephens [1988a Stephens [ , 1988b began to explore radiative transfer through a layer using various perturbations of the medium's optical properties.
[42] demonstrated that stochastic theory is readily applied to the atmospheric radiative transfer problem. The approach is appropriate ''where the size of the spatial numerical cell does not allow for the resolution of individual clouds, even if the description (size, space, and location) of such clouds were known'' . It is inappropriate to apply this method to stratiform cloud fields with large cloud fractions. In the study by a modification is made for ''arbitrary statistics'' where cloud spacing and distribution are random (in the vertical and horizontal directions) and both directionally and spatially dependent. This allows for the introduction of non-Markovian statistics where the greatest variability is in the z direction.
[43] An earlier version of DSTOC was used to investigate the influence of increased mean free paths in complex cloud fields with respect to the absorption of solar radiation [Byrne et al., 1996] . The clouds are distributed at random, scene by scene, as part of the binary mixture. Cloud differs from clear sky primarily in the liquid water content. The probability distribution function is the same throughout the layer. The clouds occupy on average a fraction p cld of the volume of the cloudy layer. Cloud shape is not as important as the aspect ratio. The authors took a liquid water path of 200 g m À2 , a 10 mm effective droplet radius, a 40°solar zenith angle and a constant surface reflectivity of 20%. The clouds are constrained to a layer between one and two km in altitude. In the case where the cloud size and spacing is small relative to the photon mean free path, the problem is reduced to a plane-parallel calculation. As the scale increases, inhomogeneities start to occur in the scene, such as holes developing in clouds. This causes the albedo of the cloud to drop and the transmission to increase. However, the authors found that for cloud sizes similar to the scale of a photon mean free path, absorption may be enhanced by laterally traveling photons relative to the predictions of nonstochastic models. Very large-scale clouds are localized, and a fractional cloud cover model describes them accurately. The fractional cloud cover model is a weighted summation of two plane-parallel calculations, one clear and one overcast. Simplistic homogeneous models were found to overestimate the decrease in absorption with an increase in cloud scale. The output reflectance at the top of the atmosphere, column absorption and surface absorption were compared to the same quantities calculated by DISORT [Stamnes et al., 1988] for three scenarios: no scattering, Rayleigh scattering and thick clouds. The models were found to be in complete agreement.
[44] Lane et al. [2002] explored the realism of the stochastic approach to radiative transfer in partially cloudy fields by inputting observed cloud field characteristics from days when fair weather cumulus or cumulus humilis were present. They compared the output from an updated version of DSTOC with that from SUNRAY and with independent observations from the Oklahoma Mesonet. The authors determined that for circumstances where the cloud fraction was intermediate and the clouds were in thin layers, the stochastic model provided a more physical representation of the actual cloud field present and supplied an estimate of DWSR that compared more favorably with observations than the simple plane-parallel model.
Sensitivity Tests
[45] Until now, the ability of the stochastic model to represent shortwave radiative transfer through complex cloud field geometries has been tested using highly idealized cloud fields Byrne et al., 1996] or a limited number case studies [Lane, 2000; Lane et al., 2002] . If the stochastic approach is to be explored further as a possible modification of an AGCM parameterization, understanding the sensitivities inherent in the model, and sensitivities to input cloud field parameters is critical. To this end several numerical tests were performed to assess these model characteristics. An analysis of the model's effectiveness can be made by providing identical input to DSTOC and a typical two-stream shortwave radiative transfer code, SUNRAY, and comparing the results. SUNRAY was developed by Fouquart and Bonnel [1980] , and has two spectral bands, one in the shortwave part of the spectrum (0.25-0.68 mm), and one in the near infrared part of the spectrum (0.68 -4.00 mm). The model atmosphere in SUNRAY was divided into 30 atmospheric layers. This algorithm is typical of the shortwave radiation routines utilized in modern AGCMs.
[46] In order to make a direct comparison between the two models, the vertical structure of SUNRAY's atmosphere was modified to match that of DSTOC. This assures that the profiles of pressure, temperature, ozone and water vapor as a function of height are equivalent in both models. The stochastic model has 32 standard pressure layers, and a horizontal domain equivalent to that of an AGCM grid area. Sensitivity tests are performed using the McClatchey et al. [1972] profiles of the atmosphere for midlatitude summer (Figure 3) .
[47] All clouds in these simulations are confined to a single model layer, the second pressure layer from the surface for both models, except when testing model sensitivity to the height of the clouds. The inputs to SUNRAY are cloud optical depth and cloud fraction. The optical depth can be determined from the liquid water path and the effective radius using 3/2(LWP/r e ) [Liou, 1992] . SUNRAY outputs the two-stream shortwave radiative flux at each level. The stochastic model ingests liquid water path and effective particle radius and converts this to a volume extinction coefficient using the cloud fraction. An illustration describing the differing treatments of cloud fraction is shown in Figure 5 . In Figure 5 (left), utilized in SUNRAY, a fractional cloud model is employed. The flux at the surface is a summation of a clear sky calculation and an overcast calculation, weighted by the cloud fraction. calculates the average radiative flux over all possible cloudy scenes with the same statistics (of which there are three shown).
Sensitivity to Cloud Optical Depth
[48] In the calculation of radiative transfer through clouds, the most influential property is the cloud optical depth. In the stochastic model, the optical depth is calculated by combining the information about the cloud field geometry with liquid water path and droplet effective radius. To understand the sensitivity of DSTOC to changes in liquid water path (optical depth) both models were run for overcast conditions (100% cloud fraction), an overhead sun and a cloud layer at the same height and of the same vertical extent (0.7 km thick with the base located at 0.5 km). It should be noted that the effective radius was held constant in both models at 6 mm. The liquid water path (LWP), and thereby the optical depth, was varied over a range of values from 10-1000 g m À2 in LWP (0 -140 in optical depth; see Figure 6a ). The downwelling shortwave radiation at the surface (DWSR) and upwelling shortwave radiation (UWSR) at the top of the atmosphere from each model are compared as a function of optical depth ( Figure 6 ). The DWSR predicted by DSTOC is in close agreement with that for SUNRAY for small optical depths (<7). There is a slightly larger discrepancy in the UWSR in this optical depth range. For optical depths greater than 15 (LWP > 60 g m
À2
) the difference in transmission between the two models asymptotes to 35 W m À2 (Figure 7) . The difference between the two models in UWSR is never greater than 15 W m À2 at any optical depth, and tends to À15 W m À2 at large optical depths. There is complete agreement between the models for clear sky conditions.
Sensitivity to Number of Radiative Streams
[49] Most modern AGCMs radiation parameterizations perform their calculations with two or four streams. Therefore it is of interest to document the sensitivity introduced by reducing the number of streams used in the stochastic predictions. Futhermore, the studies described in this manuscript are typically performed using 8 streams (4 upward and 4 downward scattering angles) in DSTOC, while SUNRAY only has two streams. As seen in Figure 8 , the difference in the downwelling shortwave flux at the surface simulated by the stochastic model due to varying the number of streams is much smaller than the difference between the downwelling fluxes at the surface predicted by DSTOC versus SUNRAY. In general, the difference between calculations of DWSR performed by DSTOC with 8 streams and those performed with 2 is approximately 5 W m À2 in the downwelling shortwave radiation at the surface and 10 W m À2 in the upwelling shortwave radiation at the top of the atmosphere. Of course, some of the differences between the stochastic and plane-parallel calculations are likely to come from differences in how absorption and scattering are handled in the two models, as well as from differences in the spectral resolution. However, quantifying the impact this has on the calculation of DWSR is beyond the scope of 
Droplet Effective Radius
[50] Droplet effective radius is an important microphysical characteristic of clouds. However, this quantity is difficult to retrieve and AGCM predicted values often vary greatly from observed ones. In the stochastic model, the droplet effective radius is used to calculate the volume scattering coefficient and in SUNRAY it is used to convert liquid water path to optical depth. Therefore it is important to investigate the sensitivity of the simulated fluxes to changes in the droplet effective radius. To understand this sensitivity more completely, DSTOC was run with three different droplet effective radii (5, 6 and 7 mm) for the range of overcast conditions described above. This range of droplet effective radii is representative of the error involved in retrieving this property from ground-based remote sensors. Figure 9 shows the resulting downwelling shortwave radiation at the surface and the outgoing shortwave radiation at the top of the atmosphere. A change of 1 mm in cloud droplet effective radius has a relatively small radiative impact of 10 W m À2 at low optical depths. However, as optical depth increases, this impact can be as large as 70 W m À2 in transmitted shortwave radiation and as much as 50 W m À2 in the reflected shortwave radiation. This is less than a 10% error in the outgoing radiation at the top of the atmosphere, but can cause as much as a 20% error in the downwelling radiation at the surface for large optical depths.
Sensitivity to Cloud Height
[51] The altitude of a cloudy layer in any atmospheric model can greatly change the calculation of the domainaveraged radiative flux. Errors in the specification of cloud base height and cloud top height, whether through instrument error or poor model or observational resolution, will cause errors in the prediction of the radiative fluxes. Therefore the sensitivity of the stochastic model to cloud base height was tested in the stochastic model for overcast conditions. The cloud base was initially set to 0.2 km with a cloud thickness of 1 km. Then the cloud base height was changed by 100-m increments while maintaining the cloud thickness. Initial simulations revealed several numerical problems with DSTOC related to the vertical placement of the cloudy layer (not shown). This issue has been rectified by introducing an adaptive grid that allows for the addition of model layers if the cloudy layer placement (specified in height) does not coincide with preexisting atmospheric layers. Further sensitivity tests indicated that DSTOC was relatively insensitive to small changes in cloud base height. A 100-m change in height altered the DWSR by no more than 3 W m À2 .
[52] It is important to note that for cloud fractions smaller than 1.0 (completely overcast skies), dividing the cloud layer between multiple model pressure layers effectively results in a random overlapping of clouds in the stochastic model that artificially increases the horizontal cloud coverage. The random overlapping in the stochastic model creates a greater impact on the downwelling shortwave radiation in the stochastic model than in the plane-parallel model. This is due to the fact that the assumed Markovian distribution creates a large number of very small, yet opaque clouds that increases the number of opportunities that a photon has to be absorbed. This can be envisioned using the idea in Figure 5 with multiple layers of clouds.
Cloud Fraction
[53] As mentioned above, cloud fraction is utilized in most AGCMs to indicate the horizontal cloud coverage of a specified area, usually a model grid cell. Although the stochastic model does employ more realistic cloud field geometry, it still requires information about the total volume cloud amount. The broadband upwelling and downwelling shortwave radiation were compared for DSTOC and SUNRAY over a range of cloud fractions from 0 to 1 (Figure 10 ). The liquid water path was set to 100 g m for all simulations and the effective droplet radius was input as 6 mm, a reasonable value for low-level, continental clouds. DSTOC and SUNRAY are in closest agreement at very low and very high cloud fractions. The two models disagree by nearly 50 W m À2 for much of the cloud fraction range. This suggests that a stochastic approach to modeling cloud radiation interactions will have the largest impact in situations where the cloud fraction is between 0.2 and 0.8. This effect was also noted by Byrne et al. [1996] .
Summary and Conclusions
[54] This paper describes the theoretical basis behind the current version of our stochastic radiative transfer model, DSTOC, and indicates some of the sensitivities inherent in this technique. The described simulations are an initial stage in the evaluation of this technique with the ultimate goal being the development of an AGCM parameterization. Lane et al. [2002] describes additional evaluation of this technique using statistics derived from observed cloud fields. One benefit of simulating photons passing through clouds using a stochastic approach is that it is possible to calculate improved heating rates and radiation fields without requiring specific information about individual clouds. However, the stochastic model is not appropriate for all cloud situations, such as when cloud fraction is less than 0.2 and greater than 0.8, and should be explored only when the scale of the clouds is much smaller than the area over which the radiative transfer is being calculated. The stochastic model requires more specific information about the cloud field than most current atmospheric general circulation models provide and therefore is evaluated as a stand-alone model for this preliminary study. The model outputs the domainaveraged, broad-band, shortwave radiation fields.
[55] This diagnostic study using the stochastic model indicates that simulated values of the radiation fields display a marked sensitivity to several input parameters. The stochastic predictions of the radiation fluxes at the surface and the top of the atmosphere were compared to the equivalent information from a plane-parallel model, SUNRAY. This model is representative of the type of shortwave radiation parameterizations found in modern AGCMs. At low optical depths, the stochastic model predicted less radiation reaching the surface than in the plane-parallel model, where for optical depths greater than 7 the opposite is apparent. This is consistent with the results of Adams et al. [1989] . In addition, the stochastic model indicated sensitivity to the droplet effective radius and cloud fraction.
[56] The stochastic approach has the advantage that, in principle, it is capable of being made more general, more comprehensive, and more physically realistic than conventional techniques for handling radiative transfer through cloud fields with complex geometry. The goal in this work has been to take the first steps toward developing a correction to existing cloud parameterizations in climate models. The purpose of such a correction is to account for the influence of cloud population and cloud geometry characteristics on the radiation field. The next steps will involve devising means of deriving the necessary stochastic model inputs from those attributes of cloud fields that can be inferred from climate model simulations. Among the candidate routes to further progress is the development of context-sensitive parameterizations in which the cloud statistics will be appropriate to given circumstances, such as location, season and synoptic regime.
